Introduction
Acute lymphoblastic leukemia (ALL) in infants (<1 year of age) represents an aggressive, early onset type of leukemia characterized by high relapse rates during treatment, and an unfavorable clinical outcome (1) . This poor prognosis is associated with a high incidence of balanced chromosomal translocations involving the Mixed Lineage Leukemia (MLL) gene, which occur in ~80% of the infant ALL cases (1) . The most common MLL translocation in infant ALL is t(4;11), in which the N-terminus of MLL (chromosome 11q23) fuses to the Cterminus of AF4 (chromosome 4q23). As the joining of MLL and AF4 occurs in-frame, the t(4;11) translocation generates a unique fusion gene encoding the chimeric, and supposedly oncogenic MLL-AF4 fusion protein.
Other recurrent in-frame MLL-rearrangements found among infant ALL patients are t (11;19) and t(9;11), giving rise to the fusion proteins MLL-ENL and MLL-AF9 respectively. The presence of an MLL translocation is the strongest independent predictor of an adverse outcome in infant ALL patients (2) .
Over the past decades numerous studies provided important insights into the biology and pathogenesis of MLLrearranged ALL, but so far in vivo validation of these achievements are hampered by the lack of genuine animal models accurately recapitulating this severe malignancy. Although various attempts have been made to develop mouse models mimicking leukemogenesis of human t(4;11)-positive ALL, these mice displayed propensities towards developing lymphomas or leukemia with phenotypes that significantly differ from those found in humans (3) (4) (5) . Another discrepancy between murine MLL-AF4 models and t(4;11)-positive ALL in infants is disease latency. In human infants, MLL translocations arise in utero and rapidly lead to the development of overt leukemia, often at or shortly after birth (6) . In contrast, most MLL-AF4 mouse models show mean latency periods of ~12-14 months (3, 5) . Moreover, in MLL-rearranged infant ALL, short disease latency is strongly associated with a poor clinical outcome (2, 7).
Collectively, these inconsistencies form the basis of the question whether MLL fusion proteins (like MLL-AF4) alone are sufficient to induce ALL, or that these chimeric proteins require cooperative genetic lesions. Bursen et al. recently found that not MLL-AF4 but its reciprocal fusion protein AF4-MLL (independent of the presence of MLL-AF4) was capable of inducing pro-B ALL in mice, suggesting that in t(4;11)-positive ALL both fusions may function as cooperative oncoproteins (8) . Tamai et al showed that in a transgenic mouse model the latency period of MLL-AF4-induced B-cell leukemia/lymphoma can significantly be shortened by the addition of a KRAS mutation (9) . Moreover, recent observations demonstrated that the MLL-AF4 fusion protein can activate Elk-1 through the RAS-pathway, which supports the involvement of RAS signaling in the pathogenesis of MLLrearranged leukemia (10) . Based on these findings it may be hypothesized that RAS mutations represent important secondary "hits". Recent studies on the incidence of RAS mutations in MLL-rearranged ALL demonstrate inconsistent results in limited patient groups. For instance, Liang et al. reported RAS mutations in 10/20 (50%) of the cases, while Mahgoub et al. could not identify RAS mutations among thirteen MLLrearranged ALL samples (11) (12) . Besides, Tamai et al. speculate that the short latency in their KRAS mutationpositive mouse model is likely due to an acceleration of leukemo-lymphomagenesis by a collaborative upregulation of HOXA9 (9) . HOXA over-expression is often believed to be a hallmark of MLL-rearranged leukemia and has recently been proposed to be required for leukemia survival of MLL-rearranged acute myeloid leukemia (AML) cells (13) . Our recent gene expression profiling study revealed the presence of two distinctive subgroups of MLL-AF4 positive ALL cases; those with and those without HOXA expression, with patients lacking HOXA expression being at high risk of disease relapse (14) . Based on this finding, as well as on the report demonstrating a prominent oncogenic role for AF4-MLL (8) , and the results demonstrating accelerated MLL-AF4-driven leukemogenesis in the presence of a KRAS mutation, Tamai et al proposed the following subdivision of t(4;11)-positive ALL: one group representing AF4-MLL-driven and HOXA-independent leukemogenesis, and another group displaying MLL-AF4 and HOXA dependence requiring additional genetic hits, such as RAS mutations, to accelerate leukemogenesis (9) .
Yet, the precise frequencies and the potential role (in terms of disease aggressiveness) of RAS mutations in MLL-rearranged infant ALL, and their relation with HOXA expression and/or the presence of AF4-MLL remain unclear. Therefore, we screened a large cohort (n>100) of primary infant ALL samples for NRAS, KRAS and BRAF mutations. To further determine the clinical relevance, these mutations were studied in relation to several clinical parameters, as well as to HOXA expression and the presence of AF4-MLL.
Design and methods

Patient samples and cell lines
Bone marrow or peripheral blood samples from untreated infants (below one year of age) diagnosed with ALL were collected at the institutes participating in the international collaborative INTERFANT protocol (2).
Informed consent was obtained according to the Helsinki declaration, and approved by the Institutional Review Board of the Erasmus University Medical Center. All samples were processed as described before (15) .
The t(4;11)-positive cell lines SEM, RS4;11, and MV4-11 were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany), BEL-1 was a kind gift from Dr. Tang 
DNA and RNA extraction
Genomic DNA and RNA were extracted from ~5x10 6 leukemic cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions, and quantified on a Nanodrop ND-1000 spectrophotometer (Isogen). The integrity of DNA and RNA was assessed on standard 0.8% or 1.5% agarose gels, respectively.
Detection of NRAS, KRAS and BRAF mutations
Using PCR and sequence analysis, mutation hotspots were screened in NRAS and KRAS exon one and two, and in BRAF exon 15. (11, 16) Amplicons were generated on a 2720 Thermal cycler (Applied Biosystems, Foster City, CA, USA), PCR mixture and cycling conditions are described in Supplementary Table S1 . Primer sequences were adapted from previous publications (11, 16) and modified by additional M13 tags (Supplementary Table S1 ). Sequence analysis of both sense and antisense strands was carried out using M13 
In vivo prednisone and in vitro prednisolone responses
In vivo drug responses, assessed during a prophase of one week of daily systemic prednisone (60 mg/m 2 ) administration before preceding combination chemotherapy, were available for a subset of patients. Responses are defined as good, when blast counts in the peripheral blood dropped below 1000 cells/µL, and poor when more than 1000 cells/µL remained detectable (2, 17) .
In vitro drug cytotoxicity of prednisolone (the active metabolite of prednisone) and dexamethasone was available for a subset of patients. The in vitro drug cytotoxcity was determined using 4-day MTT assays as described elsewhere (18) .
Gene expression profiles
Due to our recently published gene expression profiling (GEP) study (14) microarray data (Affymetrix HU133plus2.0) was available for a part of the patient samples used in this study. Generation of these gene expression profiles has been described before (14) . Data was deposited in the GEO database (19) under accession number GSE19475. Because of our interest in the relation of HOXA expression and RAS mutations, we extracted and studied the expression of HOXA9 from the existing dataset (probe sets: 209905_at, and 214651_s_at). GEP data was available for 27 of the 38 t(4;11)-positive infant ALL cases.
Statistical Analysis
Fisher's Exact Test was used to compare mutation frequencies in different patient groups and Mann-Whitney UTest to compare the median age at diagnosis.
Event-free survival (EFS) and overall survival (OS) curves were estimated using the Kaplan-Meier method and analyzed by Log-rank (Mantel-Cox) tests. EFS is defined as time from diagnosis to death in induction, disease relapse, the emergence of secondary malignancies, or death in complete remission. OS is defined as time from diagnosis to death from any cause. Cumulative incidence of relapse (CIR) is defined as time from complete remission to disease relapse, adjusted for death as competing risk. Patients who did not achieve complete remission were allocated an event at time-point zero in the EFS and CIR analyses. Multivariate analysis of prognostic factors was performed by Cox regression model based on EFS and the Wald Backward Test (entry probability p=0.05 and removal probability p=0.10) was used for the joint analysis of age at diagnosis, white blood cell (WBC) counts, in vitro prednisolone response (LC 50 : lethal concentration to 50% of the leukemic cells), in vivo prednisone response, and RAS mutations. RAS mutations and in vivo prednisone response analyzed as dichotomous variables, the other variables as continuous.
Infant ALL patients without MLL-rearrangements were excluded from these analyses as the prognosis of these patients is significantly more favorable (2) . CIR was computed with the statistical environment R version 2.14.0 using Bioconductor packages (R Development Core Team, 2011). The other analyses, were performed with SPSS Statistics version 17.0 (SPSS Inc. Chicago, IL, USA). All tests were two-tailed and a p-value less than 0.05 was considered significant.
Results
RAS and BRAF mutations in infant ALL
RAS and BRAF mutation screening was performed in 109 primary infant ALL samples, as well as in an additional four matched relapsed samples. Patients characteristics are listed in supplementary Table S3 . Overall, in 15/109 (13.8%) of the patients a RAS mutation was detected, comprising 7/109 (6.4%) patients carrying an NRAS mutation, and 8/109 (7.2%) patients bearing a KRAS mutation (Table 1 and Figure 1 ). No BRAF mutations were found. Among patients carrying NRAS mutations two harbored an exon one mutation at codon 12, and five an exon two mutation at codon 61. All observed KRAS mutations were located in exon one, of which four at codon 12 and four in codon 13. (Table 1 and Figure 1 ). One mutation was found among the four matched relapse samples and displayed a NRAS Gln61Lys mutation that was not present in the corresponding primary diagnosis sample.
For the MLL-rearranged ALL cell lines, only KOPN-8 carried a KRAS mutation at exon one, at codon 12 (Gly12Asp) ( Figure 1E ).
Frequency of RAS mutations among different infant ALL subtypes
Next we compared the frequencies of RAS mutations among different infant ALL subtypes including patients with t(4;11), t(11;19), t(9:11), and infant ALL patients without MLL translocations. Interestingly, we found a significantly higher frequency of 9/38 (23.7%) RAS mutations in t(4;11)-positive infants (p=0.04) compared to the remaining infant ALL cases, with a frequency of 6/71 (7.8%). In the other infant ALL subtypes the frequencies were not significantly different from the total patient cohort ( Table 2) .
Time of disease onset and RAS mutations
Early onset in MLL-rearranged infant ALL is associated with a poor clinical outcome (2, 7). The median age at diagnosis of primary RAS mutation-negative MLL-rearranged infant ALL patients (3.8 months; range 0.0-11.5 months) was not different from the RAS-mutated group (5.3 months; range 0.8-11.8 months) (p=0.89).
Likewise, RAS mutations did not seem to affect disease latency when we analyzed t(4;11)-positive infant ALL patients alone. Also, dividing patients by their age at diagnosis in the following ordinal categories: <3 months, 3-6 months, 6-9 months, 9-12 months, demonstrated no increased frequencies in any of the age groups for neither the total MLL-rearranged cohort (p=0,51), nor for t(4;11)-positive patients (p=0.31).
WBC count at diagnosis and RAS mutations
High WBC counts at diagnosis have previously been identified as a poor prognostic factor in infant ALL(2).
Interestingly, RAS-mutated MLL-rearranged infants appeared to have significant higher WBCs at diagnosis (p=0.013). Approximately 82% (9/11) of the RAS mutation-positive cases showed WBCs higher than 300x10 9 cells/L, compared to ~45% (33/73) of the RAS mutation-negative infants. Similarly, among t(4;11)-positive cases, WBCs higher than 300x10 9 cells/L were found in 87,5% (7/8) of the mutated cases, and in 41.4%
(12/29) of the mutation-negative cases (p=0.018).
Drug resistance of RAS-mutated infant ALL patients
A poor in vivo response to prednisone represents an adverse prognostic factor in MLL-rearranged infant ALL (17) , and MLL-rearranged infant ALL patients cells are highly resistant to prednisolone and dexamethasone in vitro (20). MLL-rearranged infant ALL cells bearing a RAS mutation at diagnosis appeared significantly (p<0.05) more resistant to both glucocortocoids (Figure 2A-B) . For t(4;11)-positive samples alone a comparable trend was observed, although the differences did not reach statistical significance (Figure 2C-D) .
No differences were found comparing the in vivo prednisone response of RAS-mutated and non-mutated MLLrearranged infant ALL patients (p=0.451), nor by comparing RAS-mutated and non-mutated t(4;11)-positive cases alone (p=0.635). Besides, studying the control cells (without glucocorticoid treatment) in our in vitro cytotoxicity assays, we found RAS-mutated MLL-rearranged infant ALL cells to display significantly (p=0.022) higher endogeneous viability (supplementary Figure S4) . Furthermore, we asked whether exposure to glucocorticoids would invoke a positive selection for RAS-mutated cells in samples that ostensibly carry subclonal mutations. Therefore we performed a time lapse prednisolone exposure experiment and sequenced the RAS mutations in order determine whether the sequence graphs revealed a positive selection of the mutated clone. However, we did not find any signs of positive selection in both patients: the intensity of the peak corresponding to the mutated nucleotide remained equal throughout the experiment (Supplementary Figure   S5 ). Suggesting that, either the subclone was stable during the experiment or that these mutations may not have been subclonal.
Clinical outcome of RAS-mutated infant ALL patients
Clinical outcome data was available for 79 MLL-rearranged infant ALL cases, with 33 of them being t(4;11)-positive. The presence of a RAS mutation at diagnosis was associated with poor outcome in both the MLLrearranged infant ALL patients, as well as in t(4;11)-positive cases alone. Among all MLL-rearranged infant ALL patients, the 5-year EFS rates for the RAS mutation-positive and negative cases was 0.0±0.0 % vs.
32.7±6·0% (p=0.042), and the 5-year OS was 11.1±10.5% vs. 45.3±6.0% (p=0.08), respectively ( Figure 3A-B) .
CIR analysis showed a slight tendency towards a higher relapse risk for RAS-mutated cases, with a 3-year CIR of 66.7±15.7% vs. 48.1±6.1% in RAS wild-type patients (p=0.119) ( Figure 3C ). Among the t(4;11)-positive cases comparable, but more distinctive, results were found for the 5-year EFS (p=0.019), 5-year OS (p=0.020), and 3-year CIR (p=0.012) ( Figure 3D-F) .
RAS mutations in relation to AF4-MLL and HOXA expression in t(4;11)-rearranged infants
We studied the relation between the presence of AF4-MLL and HOXA9 expression in t(4;11)-positive infant ALL samples and the incidence of RAS mutations. The occurrence of RAS mutations did not differ significantly between cases with AF4-MLL (3/15) or without AF4-MLL (6/23). Re-analyzing our previously published gene expression profiling data we found that, all RAS mutation-positive cases lacked HOXA9 expression (supplementary Figure S6) . Our earlier observations suggested that t(4;11)-positive infants lacking HOXA expression have a worse prognosis than patients expressing high HOXA levels (14) . However, when excluding the RAS mutation-positive cases from this analysis, the association of HOXA expression and clinical outcome was lost (p=0.857). Also, no association between AF4-MLL expression and clinical outcome was detected (p=0.354), even after excluding the RAS-mutated t(4;11)-positive infants (p=0.177). Thus, not the level of HOXA nor the presence of AF4-MLL expression, but the presence of RAS mutations seems to dictate the poor prognosis in these patients. Next, we asked whether RAS mutations influenced the previously reported prognostic value of high-level FLT3 expression as well (21) . Therefore we studied the overlap between high FLT3 expression and the presence of RAS mutations in our patient cohort, but we could not find any correlation between FLT3 expression and RAS mutations at all. The RAS-mutated infants are equally divided between the patients with either FLT3 high or low expression. Because this equal distribution we had no rational for reanalyzing the previous published prognosis data for FLT3 expression in the same manner as we did with the HOXA expression, where all RAS-mutated patients had low HOXA expression.
Multivariate analysis of RAS mutations and clinical parameters
Because the previously described clinical parameters in this study are interdependent we performed a Cox regression multivariate analysis, to evaluate the independent prognostic value of RAS mutations. This multivariate analysis was fitted on MLL-rearranged infants (n=50) from whom all prognostic variables were available. We identified the presence of a RAS mutation at diagnosis as an independent predictor (p=0.019) for poor outcome in MLL-rearranged infant ALL, with a hazard-ratio (HR) of 3.194 (95% confidence interval (CI):
1.211-8.429) ( Table 3) . Besides RAS mutations, low age at diagnosis was identified as an independent predictor (p=0.006, HR: 0.834, 95%-CI: 0.731-0.950) for poor outcome in our MLL-rearranged infant ALL cohort. Other variables in the final model were WBC counts at diagnosis (p=0.062, HR: 1.001, 95%-CI: 1.000-1.001) and in vitro prednisolone response (p=0.069, HR: 0.997, 95%-CI: 0.997-1.000) ( Table 3) .
Discussion
Activating RAS mutations, resulting in a proliferative advantage, have been observed in several hematopoietic malignancies including, ALL, AML, chronic myelomonocytic leukemia, and juvenile chronic myelogenous leukemia (22-28). Here we report a RAS mutation frequency of ~14% in a large (n>100) cohort of infant ALL cases, and a frequency of ~24% in infant ALL patients carrying MLL translocation t(4;11). These results are not consistent with previously published studies that reported either high RAS mutation frequency of 50%, or a total absence of RAS mutations in MLL-rearranged ALL (11) (12) . The observed frequencies in these studies may have been compromised by the small patient numbers. However, these frequencies are in concordance with the previously reported frequencies of 6-20.8% RAS mutations found in childhood ALL (11, (29) (30) (31) .
To determine the role of RAS mutations in respect of aggressiveness in MLL-rearranged infant ALL, we compared several clinical parameters in RAS mutation-positive and negative patients. Early onset of a KRAS mutation in a MLL-AF4-positive transgenic mouse model was associated with an early disease onset, and therefore suggested to represent a more aggressive leukemia (9). We could not confirm an association between the presence of RAS mutations and an early onset of MLL-rearranged infant ALL. However, our data showed that RAS mutations independently contribute to a poor outcome in MLL-rearranged infant ALL patients.
Besides, MLL-rearranged infant ALL patients carrying RAS mutations also display significantly higher WBC counts at diagnosis, and appeared significantly more resistant to the glucocorticoids in vitro.
Although conventional Sanger sequencing certainly is not quantitative, 4/7 (57%) of the NRAS mutations and 5/8 (62%) of the KRAS mutations appeared to be subclonal in our sequencing graphs. Repeated sequence runs on these samples persistently showed that the peak corresponding to the mutated nucleotide remained markedly smaller than the wild-type nucleotide (e.g. Figure 1D ). If indeed a relatively high number of RAS mutations is subclonal, suggesting that not all leukemic cells carry the genetic abnormality, it seems plausible that RAS mutations are acquired as secondary hits after the MLL-fusions arise (for instance during a MLL-fusionpositive pre-leukemic state, or even during overt leukemia). An alternative explanation could be that RAS mutations are necessary for leukemogenesis and that patients harboring the wild-type RAS gene carry mutations in other genes supporting MLL fusion driven leukemogenesis. As we only use highly pure leukemic samples (>90% leukemic blasts), this supposed subclonality may not only indicate that a certain portion of the leukemic cells remained unaffected, but also it shows that these mutations are leukemia-specific and are unlikely to be present in germline. Unfortunately, we had no opportunity to validate this, as no germline samples were available. Nonetheless, although several of the identified RAS mutations may suggest subclonality, we did not find any differences in clinical parameters or outcome between patients harboring "subclonal" or "clonal" RAS mutation (data not shown). In order to confirm subclonality of the RAS mutations as implied by our Sanger sequencing results, we used TOPO® TA Cloning (Invitrogen Life Technologies, Breda, the Netherlands) to sequence single PCR-amplified DNA fragments in three patient samples (Supplementary Table S7 ). We found that in all patients the number of mutated fragments was lower than the expected percentage of ~50% in case the mutation would have been clonal. Hence, these results demonstrate that RAS mutations in infant ALL patients can indeed be of a subclonal nature.
The observed presence of a RAS mutation in one of the relapse samples, which was not present in the patient- well tolerated, however tipifarib activity did not seem to correlate with RAS mutations or RAS pathwaydependent activation (33). On the other hand, phase I/II studies using sorafenib in AML and myelodysplastic syndrome patients, showed promising results and targeted inhibition of both ERK phosphorylation, as well as FLT3 signaling (34-36). A combined inhibitory effect on both RAS and FLT3 signaling may well be highly effective in the treatment of MLL-rearranged infant ALL, as the majority of these patients are also characterized by constitutive FLT3 activation (15).
In conclusion, we demonstrate that RAS mutations frequently occur in MLL-rearranged infant ALL cases and especially in t(4;11)-positive infant ALL patients, and their presence represents an independent poor prognostic factor. Therefore the RAS-signaling pathway could be a potential target for therapeutic intervention, but also provides a rationale for future risk-stratification strategies. However, although RAS mutation-positive patients are at high risk of relapse, the prognosis for RAS mutation-negative patients remains far from favorable. Thus, a continued search for additional mutations, for instance in other components of the RAS pathway, that typify an unfavorable outcome, may be beneficial.
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